An examination of the heat treatment effect on mechanical properties of twin-roll cast followed by cold rolling sheets made of aluminium and its alloys Badania wpływu obróbki cieplnej na własności mechaniczne blach z aluminium i jego stopów walcowanych na zimno z wsadu twin-roll casting Abstract Modern aluminium alloys are more commonly used in various industries. Often the products of such materials operate at elevated temperatures. In addition to standard requirements in terms of mechanical and technological properties, one of the key performance properties becomes the increased resistance to annealing. This paper examines the heat treatment effect on the mechanical properties of sheets made of aluminium with grain refiner additions (Ti + B), Fe, Si and Mn. Tested materials were obtained by cold-rolling strips, manufactured by twin-roll casting -TRC method. TRC method is increasingly being used in the manufacture of flat-rolled products. This technology eliminates the hot rolling operations and the strip obtained by TRC method can be subjected to direct cold rolling.
Introduction
The increase in aluminium and its alloys consumption is mainly caused by economic factors and technological progress. Due to the high price of other metals (especially copper), the said materials become extremely attractive substitutes thereof. An analysis of both the scientific and branch literature shows a clear trend of the development of products made of aluminium and its alloys for electrical, construction, automotive, food, packaging and heat exchanger applications [1] .
Due to the need to obtain a number of these applications at a lower cost, technologies of aluminium and its alloys processing are increasingly based on integrated processes, combining a greater number of operations in one technological line. As a result, it is possible to reduce production costs and often to omit certain stages of production. One example is increasingly used direct cold rolling of strips, obtained by twin-roll continuous casting (TRC). This technology provides a strip with the thickness between several and dozen-odd millimetres. Eliminating the whole series of operations known in the conventional technology, related to the ingot processing and the hot rolling can greatly reduce the cost of processing the material and it also reduces the investment costs [2] [3] [4] .
A set of final properties of the individual product is limited by the temper and chemical composition of the material and by choosing the technological processing schedule. A very important issue, both from a technological and application point of view, is the identification and analysis of the evolution of material mechanical properties resulting from increased temperature operation. On the one hand, this parameter is the basis for the proper selection of the interoperation or the final heat treatment conditions, and on the other, it limits the operating temperature range of strainstrengthened material [5] [6] [7] [8] [9] . Resistance to recrystallization results not only from the type and amount of alloying additives and impurities but also from their location in the microstructure. In general, the elements locating in aluminium solid solution increase the resistance to recrystallization through their impact on the mobility of the grain boundaries and the speed of the nucleation and growth of new grains. In many cases, the effect of these elements has a synergistic nature. The effect of this elements group on the recrystallization process is limited by the rate of their diffusion in the matrix. Another mechanism of the effect on the recrystallization process is exhibited by elements that constitute separate phases. Large particles may facilitate the recrystallization due to the formation of areas favourable for nucleation, but very small and uniformly dispersed particles definitely hinder the reconstruction of the structure during recrystallization by dislocation binding. In the literature, one can find works indicating a higher resistance to the recrystallization of rolled materials after TRC in relation to materials manufactured by a conventional method [10] . This makes sheets rolled from the TRC raw materials not only economical but also, in many applications, a technical alternative to products manufactured in the conventional process. The heat treatment effect on the mechanical properties of sheets made of aluminium with grain refiner additions (Ti + B), Fe, Si and Mn is a key engineering and scientific problem and it is the essence of this paper.
Material and examination methods
Trials were conducted with the use of 99.5% pure aluminium as the base material. In order to obtain appropriate alloys, alloying additions were added to the base metal in the form of special metallurgical master-alloys. Chemical compounds of the tested alloys are shown in Table 1 . Materials presented in Table 1 were prepared in laboratory conditions by TRC continuous casting on an original stand, which is shown in Figure 1 . The casting process was carried out at a speed of 0.5 m/min. This resulted in obtaining a strip made of aluminium and its alloys with a thickness of 9 mm and width of 90 mm. A general view of the strip and process is shown in Figure 2 . 
. Strip leaving rollers -crystallizers during continuous casting process
Materials after continuous casting were subjected to machining to obtain samples at a thickness of 9 mm, and a width of 90 mm, dedicated to cold rolling process. Rolling was carried out on a quarto reversing laboratory mill machine according to the following passes: 9 mm -8.3 mm -7.6 mm -6.5 mm -5.4 mm -4.5 mm -3.8 mm -3 mm -2.2 mm -1.5 mm. The rolling process was conducted at a speed of 15 m/min. Figure 3 shows the laboratory quarto reversing mill used in the experiment.
A key part of the research was to determine the actual resistance to the annealing of the tested materials. The final sheet samples with a final thickness of 1.5 mm after cold rolling (83% of total strain) were subjected to heating for a period of one hour at temperatures of: 100°C, 150°C, 200°C, 250°C, 300°C, 350°C, 400°C, 450°C, 500°C and final hardness measurements. Materials after rolling and annealing at 400°C were subjected to a static tensile test for a more comprehensive assessment of their mechanical properties. 
Results and discussion
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Fig. 5. Final hardness of the tested materials after annealing at 500°C, annealing time: one hour (hardness measurements at ambient temperature)
Data for pure aluminium in Figure 4 shows that this material begins to lose its mechanical properties at a temperature of approximately 250°C, wherein the soft material is able to be obtained already at 350°C. Practically, aluminium with a grain refiner additive behaves in the same manner.
The addition of the iron as an alloying additive shows the loss of mechanical properties which starts almost at the same temperature as for pure aluminium (approximately 250°C). The material in the soft temper is obtained at about 425°C. It can be concluded that the addition of iron significantly increases the thermal resistance of aluminium from a TRC line.
The aluminium-iron-silicon alloy subjected to annealing loses its mechanical properties within the temperature range of 250-350°C. In this alloy, there are no increases of the resistance to annealing observed that result from the addition of alloy additives in comparison to pure aluminium, despite the presence of iron. Probably, the presence of silicon influences the change in the nature of evolved phases.
Definitely, the addition of the iron and manganese has the highest influence on the increase of the resistance to annealing. For the examined alloy, material in the soft temper can be obtained at a temperature of 450°C.
It should be noted that the observed increase of the fully annealed temper temperature due to additions of Fe and Mn is slightly higher than the typical values well known from the literature data presented by Belov [11] . 
. Stress-strain curves from the uniaxial tensile test, materials after cold rolling and for heat treatment at 400°C for 1 h
As a result of the performed research works, mechanical properties of sheets were determined after cold rolling and annealing at 400°C for 1 h. The terms of annealing of all tested materials were identical (for comparative purposes). Although the selected parameters of the annealing can result in the incomplete annealing of alloys containing manganese, but on the other hand the increased temperature of the heat treatment could be risky due to the possibility of grain growth in pure aluminium (secondary recrystallization). Figure 6 shows curves: stress-strain obtained in the static tensile test of individual materials after annealing. The collective summary of the obtained properties is shown in Table 2 . An analysis of a static tensile test of sheets after rolling and annealing at 400°C results shows that these materials can be divided into three groups. The first is the pure aluminium and aluminium modified with a AlTi5B1 grain refiner. Aluminium strength properties significantly decrease in comparison to the material after the rolling process (UTS 150.0 MPa, YS -140.9 MPa). The tensile strength of aluminium after the rolling and annealing process is 75.5 MPa and YS is 23.5 MPa. These values are comparable to those, achieved by the material after casting. Aluminium modified with AlTi5B1 grain refiner after rolling and annealing shows slightly higher strength properties than pure aluminium, and it is respectively: YS -26.6 MPa, UTS -78 MPa (after rolling UTS -158.3 MPa, YS -148.7 MPa).
The second characteristic group is aluminium alloy with an iron additive and with iron and silicon additives. Despite higher strength properties (resulting from added alloy additives), these materials are obtained in a soft temper after annealing at 400°C for 1 hour. Aluminium with iron additive, after the rolling and annealing processes is characterized by the following mechanical properties: YS -47.4 MPa, UTS -109.4 MPa (after rolling UTS -210.6 MPa, YS -178.3 MPa). Aluminium alloy containing iron and silicon additives, subjected to the process of rolling and annealing exhibits properties that are comparable to aluminium-iron alloy.
The last one, the third group is the aluminium-iron-manganese alloy. As can be observed both from the curves of the softening and stress-strain curves from the static tensile test, this material did not yield to full recrystallization at a temperature of 400°C. The aluminium alloy with an additive of iron and manganese shown the highest strength properties after annealing process, namely: YS -113 MPa, UTS -137.8 MPa (after rolling UTS -220.9 MPa, YS -190 MPa). The elongations in the tensile tests after annealing confirm that materials rebuilt their plasticity after annealing.
Summary
Properties of Al sheets, cold rolled from the TRC method raw materials evolve during annealing for 1 hour within a temperature range of 250-350°C. The aluminium with AlTi5B1 additive and AlFeSi alloy demonstrates an almost identical behaviour. On the other hand the results confirm that adding iron as the alloy additive in a two-element system increases the heat resistance. For AlFe alloy, the temperature range in which the loss of mechanical properties occurs is 250-425°C. Definitely the highest resistance to annealing can be observed in AlFeMn, where soft material can be obtained at 450°C.
The test results, in correlation with the literature data implies that the sheets made from the TRC raw material are characterized by increased resistance to annealing, which can be further increased by using suitable alloying additives. In addition, TRC technology makes it possible to shorten the cycle of sheet producing and to lower its energy consumption, which is effective.
